Malic enzyme (ME) was purified as an electrophoretically homogenous protein from Rhodopseudomonas palustris No. 7. The molecular weight of ME was estimated to be 650 kDa and that of its subunit, 86 kDa. ME activity was remarkably enhanced by diand mono-valent cations, and the K a values for Mg 2þ and NH 4 þ were 0.26 and 0.56 mM respectively. Purified ME used both NAD þ and NADP þ as electron acceptors, with K m values of 0.11 and 1.8 mM. The K m value for L-malate was 1.7 mM using NAD þ as electron acceptor. Gene cloning of the ME indicated that the ME from R. palustris strain No. 7 was composed of 774 amino acids encompassing the ME and phosphotransacetylase domains, although purified ME displayed no phosphotransacetylase activity. ME activity was inhibited by acetyl-CoA, oxaloacetate, and fructose-6-phosphate. These results suggest that ME plays an important role in the metabolic regulation of R. palustris No. 7 under photoheterotrophic conditions.
Purple nonsulfur bacteria can utilize various organic compounds as carbon sources and electron donors, and they grow photoheterotrophically. 1) For these bacteria, carbon dioxide fixation is not always indispensable for growth under anaerobic light conditions. [1] [2] [3] [4] They fix carbon dioxide to utilize alcohols such as ethanol. In contrast, carbon dioxide fixation is not required to utilize organic compounds such as acetate and lactate. This implies that carbon metabolisms under the photoheterotrophic conditions are controlled by complicated mechanisms, and that these bacteria fix carbon dioxide in order to balance the intracellular redox state in responding to growth substrates. Key enzymes in photoheterotrophic metabolism, such as isocitrate lyase (ICL), phosphoenolpyruvate carboxykinase (PEPK), and phosphoenolpyruvate carboxylase (PEPC), have been purified from Rhodopseudomonas palustris No. 7 and characterized (Fig. 1) . [5] [6] [7] In addition to these enzymes, the activity of malic enzyme (ME), which oxidizes and decarboxylates malate to generate pyruvate, has been detected in cell-free extracts of strain No. 7. 8) The physiological role of ME is thought to be generation of pyruvate and subsequent conversion to PEP and acetyl-CoA. [8] [9] [10] [11] The reaction products are used as substrates of gluconeogenesis and fatty acid biosynthesis. Another reaction product of NADP þ -dependent ME (NADPH) is also used as a substrate of these biosynthetic reactions. In C 4 and in CAM plants, ME supplies carbon dioxide to the Calvin-Benson cycle. 11) An association of ME with gluconeogenesis has also been reported in some chemoheterotrophic bacteria. The activity of ME is regulated by various metabolites; for example, NAD þ -dependent ME of Shinorhizobium meliloti was inhibited by acetyl-CoA, 12) while NAD þ -dependent ME of Bradyrhizobium japonicum was not inhibited. 13) Furthermore, NAD þ -dependent ME of Sh. meliloti is known to be activated by succinate and fumarate. 12) As to photosynthetic bacteria, MEs from Rhodobacter capsulatus and Rhodospirillum rubrum have been studied using crude enzyme preparations, and are perhaps involved in the utilization of D-malate. 14, 15) Meanwhile, study of the physiological role of ME in photoheterotrophic growth of the photosynthetic bacteria has been limited. To date, one report has suggested possible role of ME in providing PEP for gluconeogenesis based on the observation that the gene for PEPK, which in combination with malate dehydrogenase (MDH) generates PEP from malate, was dispensable in photoheterotrophic growth and carbon dioxide fixation by R. palustris No. 7. 8) For better understanding of the ME of R. palustris No. 7, we purified ME from this strain and characterized its enzymatic properties. We also cloned the gene for the ME and determined its predicted amino acid sequence and domain organization.
Materials and Methods
Microorganisms, media, and growth conditions. R. palustris No. 7 was isolated and maintained as described previously.
2) The basal salt medium used as the main culture contained 0.1% ethanol and 0.2% sodium bicarbonate as electron donors and 0.1% NH 4 Cl as a nitrogen source. The organism was grown in the medium in a screw-capped 1.5 roux bottle at 30 C during the late-log phase. The bottle was illuminated at an intensity of 3,000 lux with 60-W incandescent lamps.
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Enzyme assays. ME activity was determined spectrophotometrically by measuring the change in absorbance of NADH at 340 nm at 30 C. The reaction mixture contained an enzyme preparation, 100 mM TrisHCl buffer (pH 7.2), 10 mM NH 4 Cl, 5 mM MgCl 2 , 2 mM NAD þ , and 25 mM sodium L-malate. Effectors of metabolic intermediates were tested using a malate concentration of 2.5 mM. ME activity was corrected by subtracting MDH activity as a background, because the crude enzyme preparation showed MDH activity until the DEAEcellulose step, as described below. One unit (U) of ME was defined as the amount of enzyme required to reduce 1 mmol of NAD þ per min. The activities of pyruvate carboxylation and oxaloacetate (OAA) decarboxylation were measured as described previously. 12) MDH activity was determined spectrophotometrically by measuring the change in absorbance of NADH at 340 nm at 30 C. The reaction mixture contained an enzyme preparation, 100 mM Tris-HCl buffer (pH 7.2), 2 mM NAD þ , and 25 mM sodium L-malate. One U of MDH was defined as the amount of enzyme required to reduce 1 mmol of NAD þ per min. PEPK, 6) PEPC, 7) phosphoenolpyruvate phosphate dikinase (PPDK), 16) and phosphotransacetylase (PTA) 17) activities were measured as previously described.
Protein assay. Protein was measured by the method of Bradford 18) with bovine serum albumin as the standard. Protein from column effluents was monitored by measuring absorbance at 280 nm.
Preparation of crude enzyme and purification of ME. Purification of ME from R. palustris No. 7 was done at 4 C. For purification of ME, the cells (14 g dry weight) obtained from 4.2 liter of culture broth were suspended in 75 ml of 50 mM Tris-HCl buffer (pH 8.0) containing 5 mM MgCl 2 and 1 mM dithiothreitol (DTT) and then sonicated for 2 min in a ultrasonic disintegrator (Ohtake Works, Tokyo, Japan) at 20 kHz. The total exposure time was 6 min. The sonicated lysate was centrifuged at 20;000 Â g for 20 min. Then, 5 g of streptomycin sulfate was added to the supernatant to exclude nucleic acids. After centrifugation as mentioned above, the supernatant was fractioned with ammonium sulfate at concentrations between 30% and 70% saturation. The precipitate was collected and dissolved in 50 mM TrisHCl buffer (pH 8.0) containing 5 mM MgCl 2 and 1 mM DTT. The solution was dialyzed against the same buffer at 4 C. The dialysate was then placed on a DEAE-cellulose DE-52 (Whatman, Kent, UK) column (1:6 Â 40 cm) equilibrated with the same buffer. The column was washed with the buffer and eluted with a 400-ml linear gradient of NaCl (0-200 mM) dissolved in the same buffer at a flow rate of 30 ml/h. Fractions of 10 ml were collected, and the active fractions were combined and concentrated with ammonium sulfate at a concentration of 80% saturation. The precipitate was dissolved in 50 mM Tris-HCl buffer (pH 8.0) containing 5 mM MgCl 2 , 1 mM DTT, and 10% saturated ammonium sulfate. The solution was put on a Butyl-Toyopearl 650M (Tosoh, Tokyo) column (1:6 Â 8 cm) equilibrated with the same buffer. The column was eluted with an 80-ml linear gradient of ammonium sulfate (10-0%) dissolved in the same buffer at a flow rate of 10 ml/h. Fractions of 3 ml were collected, and the active fractions were combined and dialyzed against 50 mM potassium phosphate buffer (pH 7.0) containing 5 mM MgCl 2 and 1 mM DTT. The dialysate was put on a Blue Sepharose CL-6B (Amersham, Piscataway, NJ) column (0:5 Â 7 cm) equilibrated with the same buffer. The column was eluted with the buffer containing 100 mM sodium chloride at a flow rate of 10 ml/h. The active fractions were combined and concentrated with an ultrafiltration unit (Apollo, 20 ml; Orbital Bioscience, Topsfield, MA). The concentrated solution was put on a Sephacryl S-300 (Amersham) column (1:6 Â 100 cm) equilibrated with 50 mM potassium phosphate containing 5 mM MgCl 2 and 1 mM DTT buffer (pH 7.0). The column was eluted with the same buffer at a flow rate of 10 ml/h. Fractions of 2 ml were collected, and the active fractions were combined and concentrated. The concentrated solution buffer was replaced with 50 mM Tris-HCl buffer (pH 8.0), 5 mM MgCl 2 , and 1 mM DTT. The resulting preparation was stored at À80 C.
Electrophoresis. Electrophoresis of the denatured protein samples was performed in 25 mM Tris-glycine buffer (pH 8.3) containing 0.1% sodium dodecyl sulfate (SDS) on 12.5% gel by the method of Laemmli. 19) Isoelectric electrophoresis was done in an isoelectric focusing-polyacrylamide gel electrophoresis (IEF-PAGE) Gel Mini (pH 3-10, 4% gel; Tefco, Tokyo). Protein was detected by silver staining.
Molecular weight estimation. The molecular weight of the native enzyme was estimated by high performance liquid chromatography (HPLC) on a TSK SW3000 Super Column (Tosoh) (7:5 Â 30 cm) equilibrated with 50 mM potassium phosphate buffer (pH 7.0) containing 100 mM NaCl. The column was eluted with the same buffer. The molecular weight of the denatured enzyme was estimated by SDS-PAGE, as described above.
MALDI-TOF-MS analysis.
Purified protein was excised from the SDS-PAGE gel, digested with trypsin gold (Promega, Madison, WI), and used for MALDI-TOF-MS analysis, as described previously. 20) Protein was identified by peptide mass finger print analysis using the MASCOT (Matrix Science, London, UK) and PROWL (Rockefeller University, New York, NY) search engines of the entire National Center for Biotechnology Information (NCBI) protein database.
DNA manipulations. Standard DNA manipulation techniques proceeded following Sambrook et al. 21) Chromosomal DNA of R. palustris No. 7 was isolated with the ISOPLANT II DNA Isolation Kit (Nippon Gene, Tokyo). ME genes were amplified by polymerase chain reaction (PCR) with R. palustris No. 7 chromosomal DNA as the template, forward primer (5 0 -AGTAAGCGTCGGGTAGCGAGTCG-AAACTAA-3 0 ) and reverse primer (5 0 -TCAGGCGAACAGCGTT-CCCTGATGC-3 0 ) based on information regarding the ME gene from R. palustris strain CGA009. 22) PCR consisted of 30 cycles of denaturation at 94 C for 30 s, annealing at 63 C for 30 s, and extension at 74 C for 85 s. The PCR fragments were cloned into pGEM-T vector (Promega). E. coli JM109 was transformed by heat shock. The transformant was selected using LB agar medium containing 50 mg/ml of sodium ampicillin. DNA fragments were subcloned into pGEM-T Easy vector, and nucleotides were sequenced by the dye-terminal cycle sequence method following the protocol of the CEQ8000 DNA Analysis System (Beckman Coulter, Fullerton, CA). The sequence data were analyzed with the CEQ8000 DNA Analysis System. Amino acid sequence similarity between R. palustris No. 7 and other protein sequences was calculated with Blast 23) and Clustal W. 24) A domain search of bacterial MEs was performed using Pfam. 25) The sequence data determined in this study have been assigned DNA Data Bank of Japan accession no. AB297899. 
Results
Effects of carbon sources on enzyme activity related to pyruvate and malate metabolism in R. palustris No. 7
The wild-type and PEPK-deficient strains of R. palustris No. 7 grew at similar rate in culture medium containing ethanol, acetate, lactate, and malate as carbon sources and electron donors.
8) The intracellular activities of enzymes involved in pyruvate-related metabolisms were examined in R. palustris No. 7 cells photohetrotrophically cultured to the middle logarithmic growth phase ( Table 1 ). The specific activities of the enzymes were hardly affected by the carbon source. The activity of PPDK, which catalyzes the reaction from a pyruvate to PEP, was detected regardless of the carbon source used for the culture. Since the carbon sources used were thought to afford carbon flow from the TCA-glyoxylate cycle to the gluconeogenetic pathway, these observations suggest that ME and PPDK catalyzed the anaplerotic reaction (malate ! pyruvate ! PEP) in addition to typical the MDH and PEPK dependent reaction (malate ! oxaloacetate ! PEP) in R. palustris No. 7 ( Fig. 1) . Notably, it was found that the NADP þ -dependent activity of ME corresponded to about one fourth of NAD þ -dependent activity.
Purification of ME A cell-free extract was prepared from R. palustris No. 7 cultured in a medium containing ethanol as electron donor and carbon source, and ME was purified from this extract. A typical purification of ME is summarized in Table 2 . No ME isozyme was detected in any column chromatography (data not shown). The purified enzyme was obtained at a yield of 14% and had a specific activity of 64 U/mg in the presence of Mg 2þ and NH 4 þ . The final purification factor was about 1,500 fold. The purified enzyme was homogeneous as judged by SDS-PAGE (Fig. 2) and IEF-PAGE (data not shown). The activity of the purified preparation did not decrease over 8 months of storage at À80 C.
Properties of ME Molecular weight Molecular weight of ME was calculated to be 650 kDa by gel filtration chromatography and 86 kDa by SDS-PAGE, indicating that it was an octamer.
Isoelectric point
The isoelectric point of ME was calculated to be 6.3 by IEF.
Substrate specificity The specific activity for L-malate (25 mM) measured under the standard conditions using 2 mM NAD þ was 64 U/mg (Table 2 ). When D-malate and succinate (25 mM each) were used instead of L-malate, only 3.9% and 8.2% activities were detected. Changing NAD þ to 2 mM NADP þ resulted in 22% activity, indicating that the ME used both nucleotides as substrates.
Steady-state kinetics
The effect of the substrate concentrations on the activity of ME was examined, and the Michaelis constant (K m value) was calculated ( Fig. 2 . SDS-Polyacrylamide Gel Electrophoresis of ME from R. palustris No. 7. Lane 1, myosin (212,000), 2-macrogloblin (170,000), -galactosidase (116,000), transferrin (76,000), glutamic dehydrogenase (53,000). Lane 2, purified ME.
(pyruvate ! malate) and OAA decarboxylation by ME were less than 1% of the rate for malate decarboxylation.
Enzyme commission (EC) number Malic enzymes are classified into three isozymes based on their cofactor preference and OAA decarboxylating activity. 26 ) NAD þ -dependent ME is grouped into EC 1.1.1.38 or 1.1.1.39, the latter of which constitutes ME lacking OAA decarboxylating activity. NADP þ -dependent ME is classified as EC 1.1.1.40. The ME of R. palustris No. 7 exhibited higher activity for NAD þ than NADP þ , and no OAA decarboxylation was detected, indicating that the ME of R. palustris No. 7 was to be classified into EC 1.1.1.39.
Effects of cations
The ME activity of R. palustris No. 7 was remarkably activated by Mg 2þ and Mn 2þ ions (Table 4) and to a lesser extent by Co 2þ and Zn 2þ . In addition, the ME activity of strain No. 7 was activated by NH 4 þ and K þ (Table 4) , like MEs of other bacteria that are remarkably activated in the presence of monovalent cations. 12, 13) The effects of these cations differed with the nucleotide cofactors used in the enzyme assay. Using NAD þ , K a values of Mg 2þ and NH 4 þ were 0.26 and 0.56 mM, respectively while those values using NADP þ resulted were 2.1 and 5.5 mM.
Effects of metabolites
The effects of various metabolites on ME activity were investigated under standard ME assay conditions using 2.5 mM L-malate. ME activity was almost completely lost in the presence of 50 mM acetyl-CoA. In addition, in the presence of 2.5 mM OAA and 2.5 mM fructose-6-phosphate (F-6-P), ME activity decreased to 20% and 70% of the control reaction, respectively. None of the following compounds influenced ME activity at 2.5 mM: glucose-6-phosphate, ribulose-6-phosphate, fructose-1,6-bisphosphate, glycerate-3-phosphate, PEP, pyruvate, citrate, DL-isocitrate, succinate, and fumarate. Next, we examined the modes of inhibition by acetylCoA, OAA, and F-6-P. The saturation curve for malate in the absence of acetyl-CoA was a hyperbola, while it showed an S-shaped curve in the presence of acetyl-CoA (Fig. 3A) . The Hill coefficient was 1.0 in the absence of acetyl-CoA, and the coefficients were 1.3 and 1.7 in the presence of 10 mM and 20 mM of acetyl-CoA respectively (Fig. 3B) . These results indicate that ME activity was regulated allosterically by acetyl-CoA. In contrast, both OAA and F-6-P gave unchanged Hill coefficients (1.0). Steady-state kinetics showed competitive inhibition by L-malate, and the K i values of OAA and F-6-P for ME were 0.36 mM and 7.4 mM respectively.
Effects of pH and temperature The activity of purified ME was stable under alkaline conditions, and was most stable at pH 8. The optimum pH was 8. The highest enzyme activity was detected at 50 C. Residual enzyme activity was measured after treatment at the indicated temperatures for 30 min. The activity of ME gradually decreased at higher temperatures than 30 C and was almost completely lost at 70 C.
Cloning of ME gene in R. palustris No. 7
The nucleotide sequences of all the genes of R. palustris CGA009 have already been determined, 22) and the ME gene of the strain has been predicted. According to the nucleotide sequence of the gene, primers for amplifying the ME gene were designed, and PCR was performed using total DNA of R. palustris No. 7. The resulting DNA fragment coded an open reading frame composed of 2,325 bp that started from the initiating ATG codon and terminated at the TGA codon. The nucleotide sequence was 94% homologous to that of the ME gene from strain CGA009. The open-reading frame coded 774 amino acids, and the calculated molecular weight was close to that of purified ME as estimated by SDS-PAGE (83 kDa). Tryptic peptides of the purified A B Fig. 4 . Amino Acid Sequence and Domain of ME from R. palustris No. 7.
A, Multiple amino acid sequences of R. palustris No. 7 ME and various bacterial MEs. Sequence alignment was performed with the Clustal W program. Abbereviations: Rp, R. palusris No. 7; Sm, Sh. meliloti; Ec, E. coli; Cb, C. glutamicum; St, Streptococcus bovis; Bs, B. stearothermophilus. B, Putative conserved domain of ME from R. palustris No. 7. A domain search was performed with Pfam. The scale shows the number of ME amino acid residues from R. palustris No. 7. Abbreviations: SfcA, Malic enzyme (COG0281); Pta, phosophotransacetylase (COG0281); Malic, ME N-terminal domain (pfam00390); Malic M, ME NAD binding domain (pfam03949); PTA PTB., phosphate acetyl/butyryl transferase (pfam01515). ME were analyzed by MALDI-TOF-MS, and they indicated that they covered 36% and 48% of the deduced amino acid sequences of ME from R. palustris strains CGA009 22) and No. 7 respectively, confirming that the gene encoded the purified enzyme.
The deduced amino acid sequence of ME from R. palustris No. 7 was homologous to NAD þ -dependent ME of Sh. Meliloti (62%), 27) NADP þ -dependent ME of E. coli K12 (56%), 28) NADP þ -dependent ME of Corynebacterium glutamicum (43%), 29) NAD þ -dependent ME of Streptococcus bovis (41%), 30) and NADP þ -dependent ME of Bacillus stearothermophilus (36%). 31) A Pfam domain search revealed two conserved domains: the N-terminal and NAD(P)
þ -binding domains of ME, which arecomposed of 432 amino acid residues and are present in bacterial ME (Fig. 4A) . Conserved amino acid residues for binding NAD(P) þ27) (Lys 100 and Lys 107 ) were observed in the ME from R. palustris No. 7. Additionally, a PTA-domain, with 327 amino acid residues, was observed in the C-terminal region, and was also found in the MEs of Sh. meliloti and E. coli (Fig. 4B) . 27, 28) Phosphotransacetylase activity of ME We detected less than 0.5 U/mg of PTA activity of purified ME, considerably less (below 1%) than NAD þ -dependent ME activity of purified ME (64 U/mg) under standard assay conditions. This indicates that the PTA domain of R. palustris No. 7 ME was inactive as PTA under the conditions used.
Discussion
To date, studies of the MEs of photosynthetic bacteria have used partially purified enzyme 14) or cell-free extracts. 15) This study is the first to report purification of ME from photosynthetic bacteria. The activity of ME in R. palustris No. 7 was affected by various metabolites and was allosterically inhibited by acetyl-CoA. This indicates that ME of R. palustris No. 7, as well as the MEs from E. coli 28) and Sh. meliloti, 12) regulated intracellular acetyl-CoA concentration by regulating pyruvate supply to pyruvate dehydrogenase., We also found that ME of R. palustris No. 7, as well as MEs from Sh. meliloti, 12) C. glutamicum 29) and St. bovis, 30) was inhibited by OAA. The amino acid similarity of the MEs from R. palustris No. 7 and Sh. meliloti is consistent with this result. It has been reported that PEPC and PEPK link the glycolytic pathway and the TCAglyoxylate cycle in R. palustris No. 7 through interconversion of PEP and OAA. 6, 7) OAA inhibition of ME consistent with its potential role in glyconeogenesis in that it produces PEP through the second ME-PPDK route to MDH-PEPK (Fig. 1) , as Inui et al. have suggested. 8) Inhibition of ME activity by F-6-P was demonstrated for the first time in this study. Since F-6-P is one of the key intermediates in gluconeogenesis/glycolysis, this indicates that the ME-PPDK route for PEP synthesis contributes to the flow of carbon from the TCAglyoxylate cycle to the gluconeogenetic pathway (Fig. 1) . It is notable that R. palustris No. 7 is unable to use sugars as the sole source of carbon, which is consistent with the thesis that gluconeogenesis is the more important metabolism in photoheterotrophicallygrowing R. palustris No. 7 cells. Our results suggest that the bacterium finely tuned pyruvate generation and subsequent gluconeogenesis, facilitating the feedback regulation mechanisms of ME by F-6-P as well as by OAA.
Previous study has found NAD þ -dependent ME in the crude enzyme preparation of R. palustris No. 7. 8) In this study, we purified the ME and found that it utilized both NAD þ and NADP þ as substrates. The NADP þ dependent ME activity was 22% of NAD þ dependent activity, similar to purified ME (EC 1.1.1.39) from Sh. meliloti and St. bovis. Another NADP þ -dependent ME (EC 1.1.1.40) was purified from the Sh. meliloti, and it produced NADPH for anabolic metabolism. 12) In contrast, no enzyme in the EC 1.1.1.40 class was found in R. palustris No. 7, suggesting that ME identified in this study supplies NADPH for anabolic reactions as well.
We found that the ME purified from R. palustris No. 7, as well as MEs from Sh. meliloti, 27) E. coli, 28) Br. japonicum, 32) Haemophilus influenzae 33) and Rickettsia prowazekii, 34) was composed of ME and PTA domains. In contrast, no PTA region has been found in the MEs of St. bovis 30) or B. stearothermophilus. 31) The nucleotide sequence and enzymatic properties of the PTA of Methanosarcina thermophila have also been reported. 17) The PTA domain of the ME of R. palustris No. 7, and the NAD þ -and NADP þ -dependent MEs of Sh. meliloti, showed 24%, 26%, and 23% homology to the PTA of M. thermophila respectively. PTA reversibly catalyzes transfer of the acetyl group from acetyl-CoA to orthophosphate, but PTA activity was not detected in the ME purified from R. palustris No. 7. A similar result has been reported for Sh. meliloti.
27) Furthermore, a recent report indicated that truncation of the PTA domain desensitizes E. coli ME by acetyl-CoA. 28 ) These results suggest a regulatory role of the PTA domain through binding of acetyl-CoA. Our observation that acetyl-CoA allosterically inhibited ME activity is consistent with this.
As described above, ME supplies pyruvate from malate instead of PEPK in photosynthetic bacteria. That the PEPK-deficient strain of No. 7 showed the same growth rate as the wild strain in various media confirms this. 8) We found that ME activity was allosterically inhibited by acetyl-CoA, and competitively inhibited by OAA and F-6-P. Taken together, these results indicate that ME plays an important role in controlling the reaction interface between the gluconeogenetic pathway and the TCA-glyoxylate cycle in the carbon metabolism of the photoheterotrophic bacterium R. palustris No. 7.
